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ABSTRACT 
A vapocup apparatus was used to determine rates of moisture movement and water-vapor per- 
meability values for CCA- and creosote-treated red oak and southern pine. The average loading for 
CCA-treated specimens was 6.4 kg/m3 (0.4 Ib/ft3) and the average loading for creosote-treated spec- 
imens was 168.2 kg/m3 (10.5 Ib/ft3). Specimens were subjected to three different relative humidity 
conditions: 50°/o, 75%, and 90%. The rates of mass transfer increased exponentially with increasing 
relative humidity. The rate of moisture movement was greater for southern pine than for red oak, 
and greater for CCA-treated specimens than for creosote-treated specimens. The water-vapor per- 
meability values were calculated and the values increased exponentially as relative humidity increased. 
For both species, CCA-treated specimens had the highest water-vapor permeability values and creo- 
sote-treated specimens the lowest. 
Keywords: Southern pine, red oak, permeability, moisture movement. 
INTRODUCTION 
Moisture movement through wood has received considerable attention over 
the years. Most of the research has centered around wood drying and understand- 
ing water vapor movement under steady-state conditions below the fiber satu- 
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ration point of wood and the boiling point of water. Research has been reported 
on water vapor and bound water moisture movement through wood (Christensen 
1960; Skaar 1954, 1958; Stamm 1947, 1960b; Siau 1984), effects of wood prop- 
erties on moisture movement (Stamm 1950; 1960a; Siau 1984), and effects of 
moisture movement on the wood properties (Bendtsen 1966; Hart 1970; Kumar 
and Jain 1978; Siau 1984). Various methods have been developed for determining 
moisture movement in wood (Skaar 1954, 1958; Stamm 1960a, b; Siau 1984). 
Restricted moisture flow tends to enhance dimensional stability of wood, and 
low moisture contents retard the activities of wood-destroying organisms. Wood 
properly treated with preservatives is highly resistant to wood-destroying organ- 
isms. However, moisture flow in preservative-treated wood may promote the 
possibility of the preservatives leaching or migrating from the wood and provide 
a more hospitable environment for fungi, bacteria, or insects. Moisture movement 
also causes dimensional changes and influences weathering processes. For these 
reasons, it is important to investigate moisture movement in preservative-treated 
wood. 
The purposes of this study were to determine the steady-state rate of moisture 
movement and calculate the water-vapor permeability values for chromated- 
copper-arsenate (CCA) and creosote-treated wood. Specimens were subjected to 
relative humidity and moisture content conditions similar to those found in actual 
use. Flow was limited to the transverse direction, and water-vapor permeability 
values were calculated for the transverse direction. Comparisons between pre- 
servative-treated and nontreated specimens at three relative humidity conditions 
were analyzed. 
EXPERIMENTAL PROCEDURE 
This experiment was designed to measure the rate of moisture movement in 
the transverse direction in two species treated with commercial wood preserva- 
tives. Red oak (Quercus spp.) and southern pine (Pinus spp.) were chosen because 
of their wide usage and importance to the forest products preservative industry. 
Similarly, creosote (AWPA, P l )  and chromated-copper-arsenate (CCA) were cho- 
sen as commonly used preservatives. To assist in evaluating the results from the 
preservative-treated specimens, control groups of untreated red oak and southern 
pine from the same boards were also examined. Specimens (108 total) from each 
species were divided into three groups (36 -control, 36-CCA, and 36-creosote) 
and each group was subjected to three relative humidity environments (1 2 at 50% 
RH, 12 at 75% RH, and 12 at 90% RH). 
Defect-free, straight-grained red oak and southern pine logs were radially sawn, 
and the resulting lumber was planed to 0.33 cm in thickness. Circular specimens 
6.2 cm in diameter were machined from this stock. The oven-dry weight of each 
specimen was determined, and the specimens were conditioned prior to treatment 
with CCA and creosote with a full cell process. The retention of preservative in 
the treated discs was determined by weighing each specimen before and imme- 
diately after preservative treatment. The average loading of CCA and creosote 
was 6.4 kg/m3 (0.4 lb/ft3) and 168.2 kg/m3 (10.5 lb/ft3), respectively (Hornicsar 
1983). 
Discs were then prepared for exposure to various relative humidity conditions. 
To prevent moisture movement through the end grain, the edge, containing the 
Laver and Fang-STEROL AND WAX ESTERS OF DOUGLAS-FIR BARK n-HEXANE WAX 3 
end grain, of each disc was coated with epoxy resin before being attached to the 
vapocup apparatus (Siau 1984) with a bead of silicon sealant. 
The apparatus was designed to create a moisture gradient through the disc by 
exposing one side to a higher relative humidity than the other side. These con- 
ditions caused moisture to move through the disc, primarily in the tangential 
direction, from highest to lowest moisture concentration. Three sets of relative 
humidity conditions were chosen to simulate conditions that might be found in 
actual use. Saturated salt solutions were used to produce relative humidities inside 
the jars of 50°/o, 75%, and 90%. The salts selected, described in ASTM D104-5 1, 
were sodium dichromate, ammonium hydroxide, and sodium chloride. The rel- 
ative humidity outside the jar was controlled by placing the apparatus in a con- 
trolled environmental chamber. The dry bulb temperature was maintained at an 
average of 2 1.7 k 2 C and the wet bulb temperature at 1 1.7 k 2 C, resulting in 
an average relative humidity of 15% (Hornicsar 1983). 
The moisture gradient created across the specimens caused water vapor to move 
from the inside to the outside of the jar, resulting in a continual mass loss. The 
rate of moisture movement was determined by weighing each specimen apparatus 
at convenient intervals until the rate of mass loss remained constant over a two- 
week period (measured each week). The specimens were then assumed to be in 
the steady-state condition. 
After the steady-state rate of moisture movement was determined, the discs 
were removed from the jars. The thickness and diameter of each specimen were 
measured. The end coating was cut from each disc, and they were weighed to 
determine the steady-state weight. The volume of each disc was determined using 
a water displacement method described in ASTM D2395-77. In order to deter- 
mine the dry weight, the control and CCA-treated specimens were oven-dried at 
105 C for 24 hours. The creosote-treated discs could not be oven-dried in the 
usual manner because some of the creosote will vaporize at elevated temperatures. 
Hence, they were placed in a vacuum oven at 58 C for 72 hours. These dry weight 
values were used to compute the average moisture content of each disc. 
The water-vapor permeability values (Kp) for each specimen were determined 
ml 
by using Kp = - (Siau 1984). 
tAAP 
where 
m = mass transfer at steady state (g) 
1 = thickness (cm) 
t = time (sec) 
A = effective area (cm2) and 
AP = vapor pressure differential which equals the change in relative humidity 
(ARH) times saturated vapor pressure of water (Po) at 2 1.7 C divided by 
100. 
Equilibrium moisture content values were also determined for the relative 
humidity conditions. Pieces from randomly selected discs were weighed and placed 
in desiccators partially filled with the appropriate saturated salt solution with 
saturated relative humidities of SO%, 75%, and 90%. Small specimens were also 
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TABLE 1. Average equilibrium moisture contents at selected relative humidity conditions for red oak 
and southern pine controls, CCA-treated and creosote-treated specimens. 
Expected Actual EMC (Oh) 
RH EMC1 
Spec~es (%) (Oh) Control CCA Creosote 
Southern pine 2 5 5.5 3.9 3.8 3.4 
50 9.2 9.8 9.4 6.7 
7 5 14.2 13.4 13.7 10.3 
90 20.6 21.7 21.7 18.3 
25 5.5 3.7 3.8 3.3 
50 9.2 9.8 9.3 6.6 
7 5 14.2 13.7 13.6 10.0 
90 20.6 21.5 21.5 18.0 
Red oak 
I llnlted States Forest Products Laboralor).. 1974. Wood Handbook: Wood as an Englneenng Material. U.S.D.A. Forest Service, 
Agr~cullure Handbook No. 72. 4 1 5  pp. 
exposed to 25% relative humidity conditions by placing them in an environmen- 
tally controlled chamber. The specimens were weighed periodically until equilib- 
rium was attained and the equilibrium moisture contents (EMC) were determined. 
Statistical evaluation of steady-state rate of moisture movement and water- 
vapor permeability values used analysis of variance procedures outlined in the 
Statistical Analysis System User's Guide (1 1). The level of significance for all tests 
was 0.05. Use of the general linear models procedure compensated for the unequal 
sample sizes encountered in the analysis of the water-vapor permeability values. 
RESULTS AND DISCUSSION 
The equilibrium moisture contents (EMC) for the treated specimens (Table 1) 
were obtained after the specimens were used in the experiment and oven-dried. 
The oven-dry weights used to calculate the equilibrium moisture content values 
for the CCA and creosote specimens included the oven-dried weight of the wood 
substance and the weight of the preservative. The southern pine and red oak 
control specimens had EMC values (Table 1) that compared well with expected 
EMC values. 
The CCA-treated specimens had EMC values for the southern pine and red 
oak specimens that were very similar to the control and expected EMC values. 
However, the actual amount of moisture in the CCA-treated specimens was prob- 
ably higher than the control specimens because the weight of the CCA was included 
with the oven-dry weight of the wood substance in the calculation of the equilib- 
rium moisture content values. 
The southern pine and red oak creosote-treated specimens had lower EMC 
values than the control, CCA, and expected EMC values. Since the weight of the 
creosote was included with the oven-dry weight of the wood substance, the actual 
amount of moisture in the creosote-treated specimens was probably lower than 
the amount of moisture in the control and CCA-treated specimens. 
For all treatments the rate of moisture movement increased exponentially as 
the relative humidity increased (Table 2). As relative humidity increased on the 
inside surface of the specimens, the moisture concentration gradient and water- 
vapor permeability values increased, resulting in an increase in the moisture 
movement. 
For southern pine control, CCA, and creosote specimens, the rate of moisture 
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TABLE 2. Summary of the average steady state rate of moisture movement data and water-vapor 
permeability values. 
Average steady Average 
state rate of water-vapor 
Average MC rno~sture permeability 
Number of at steady state movement (lo-* g cmlcm'sec 
Spec~cs Treatment RH (%) samples (96) glsec) mmHg) 










Control 50 10 
75 12 
90 12 
CC A 50 9 
7 5 12 
90 12 
Creosote 50 12 
7 5 10 
90 10 
movement increased as relative humidity increased. The difference in rate of 
moisture movement between 50% and 75% relative humidity was lower than the 
difference between 75% and 90% in all cases. However, the total amount of change 
in rate of moisture movement over 50% to 90% relative humidity was largest in 
CCA specimens, followed by controls and creosote-treated specimens. 
The type of preservative treatment for the southern pine specimens also affected 
the rate of moisture movement. As expected, the CCA-treated specimens had the 
highest rate of moisture movement, controls had the next highest, and creosote- 
treated specimens the lowest rate of moisture movement. These differences in 
rate of moisture movement were due primarily to the nature of the preservative 
used. The hygroscopic nature of CCA tended to increase the average moisture 
content of the specimens, thereby increasing the ease of moisture movement (Table 
2). The hydrophobic nature of creosote tended to repel water, lower the average 
moisture content through the sample, and decrease the rate of moisture movement. 
The trends in the red oak specimens were similar to those in the southern pine 
specimens. Among the red oak specimens, CCA-treated specimens had the highest 
total rate of moisture movement, controls the next highest, and creosote-treated 
specimens the lowest. The difference between preservative treatments changed as 
relative humidity changed. The difference in rate of moisture movement between 
CCA and creosote and CCA and controls increased as relative humidity increased. 
These increases were larger than the differences in the moisture movement rates 
between southern pine CCA and creosote and CCA and control groups. 
As expected, the rate of mass transfer increased exponentially with increasing 
relative humidity in all cases. This was primarily because increased relative hu- 
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midity increases both moisture content and moisture gradient through the spec- 
imen. This result was similar to results reported in other studies (Stamm 1947, 
1960a). 
The CCA-treated specimens (Table 2) exhibited the highest rates of mass trans- 
fer. Studies have shown that water-soluble salts in wood tend to increase the 
equilibrium moisture content of the specimen because of the hygroscopic nature 
ofthe salt (Bendtsen 1966; Kumar and Jain 1978). This increased moisture content 
resulted in an increased rate of moisture movement. Similarly the hydrophobic 
nature of creosote tended to decrease the ability of water to move through the 
wood specimen. Although the rate of mass transfer through creosote-treated wood 
was easy to obtain, the average moisture content presented some difficulty. The 
fact that creosote vaporized at very low temperatures made accurate oven-dry 
weights very difficult to obtain. 
A comparison of the data in Table 2 indicated that in most cases the southern 
pine specimens had greater rates of moisture movement than red oak specimens. 
This difference may have been associated with the increased density of red oak 
compared to southern pine. For control specimens, southern pine had a greater 
rate of moisture movement than red oak at all relative humidities. For CCA- 
treated specimens at 50% relative humidity, red oak had a greater rate of moisture 
movement than southern pine. The rate of moisture movement for all other 
southern pine CCA-treated specimens exceeded that of red oak. Southern pine 
creosote-treated specimens had a rate of moisture movement that exceeded red 
oak at all relative humidities. CCA treatment increased the total rate of moisture 
movement from 50% to 90% RH in red oak similarly to that of southern pine. 
This was an indication of the influence that CCA had on moisture movement in 
wood species of different densities. 
Water-vapor permeability values (Table 2) for southern pine and red oak fol- 
lowed trends similar to those for the rate of moisture movement. The differences 
between preservative treatments were also similar, with CCA-treated specimens 
having the highest permeability values and creosote-treated specimens the lowest. 
A comparison of permeability values between species showed similar relationships 
as the rate of moisture movement comparisons. 
The data in Table 2 indicate that as relative humidity increased, the water- 
vapor permeability values increased exponentially. For all species and treatments, 
the increase in relative humidity from 50% to 75% is lower than the increase 
from 75% to 90%. This is similar to the rate of moisture movement results. The 
preservative treatment also influences the total increase in the permeability values 
with the CCA-treated specimens having a higher total increase than the creosote- 
treated specimens. 
The direction of flux was a potential source of error. In this study, mass transfer 
was primarily in the tangential and radial directions. Since water can move about 
one hundred times more readily in the longitudinal direction than the transverse 
direction, small grain angles may have resulted in large changes in the measured 
rate of moisture movement (Siau 1984). Direction of flux may have affected the 
distance moisture moves. Although moisture was assumed to move directly through 
the specimen, perpendicular to the surface, some of the moisture may actually 
have been moving in a diagonal pathway through the disc. Thus, even though net 
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moisture movement was across the grain, some moisture flow may be in the 
longitudinal direction. 
Serviceability of wood depends on many factors including environmental effects 
such as moisture sorption. For both species, the CCA-treated specimens had the 
highest rates of moisture movement and average moisture contents compared to 
the control and creosote-treated specimens. The average moisture content values 
were lower than normal because the calculations were based on oven-dry weight 
plus the weight of the preservative in the specimen instead of only the oven-dry 
wood weight. This implies that under the same environmental conditions more 
moisture will be sorbed by the CCA-treated wood. This additional moisture will 
affect the mechanical and physical properties of the CCA-treated wood compared 
with controls and creosote-treated wood. 
SUMMARY 
The vapocup method was used to determine rates of mass movement in the 
transverse direction and to calculate water-vapor permeability values for CCA- 
and creosote-treated red oak and southern pine. Groups of specimens were sub- 
jected to three different sets of relative humidity conditions- 50°/o, 75%, and 90%. 
Rates of mass transfer or moisture movement were determined. 
The rates of mass transfer were found to increase exponentially with increased 
relative humidity. This was due to an increased moisture gradient across the 
specimen and to an increased average moisture content of the specimen. In most 
instances, the rates of moisture movement were greater for southern pine than 
for red oak under the same conditions. This result is associated with the increased 
density of the red oak. CCA-treated specimens had the highest rates of mass 
transfer, and creosote-treated specimens the lowest. 
The water-vapor permeability values were calculated, and these values increased 
exponentially as relative humidity increased. For each species, CCA had the 
highest water-vapor permeability values while creosote had the lowest. The re- 
lationships between species were similar to the moisture movement data analysis. 
In most relative humidity conditions, southern pine had higher permeability 
values than red oak. For CCA-treated specimens, red oak permeability was greater 
than southern pine at 50% relative humidity, while southern pine permeability 
values were greater than red oak at 75% and 90% relative humidities. 
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